Solid-state sources of nonclassical light with controlled quantum correlations in photon emission are indispensable for the development of quantum photonic technologies. In addition to single-photon sources in crystalline bulk such as self-assembled quantum dots^[@ref1]^ and color centers in diamond^[@ref2]^ or hexagonal boron nitride,^[@ref3]^ local defects in atomically thin two-dimensional semiconductors^[@ref4]−[@ref7]^ and one-dimensional carbon nanotubes (CNTs)^[@ref8]−[@ref11]^ are known to exhibit highly nonclassical correlations in photon emission statistics. More recently, remarkable control in the creation of nanotube side-wall defects with deep exciton-localizing traps^[@ref12]−[@ref22]^ has established covalently functionalized CNTs with increased quantum yields^[@ref12]−[@ref14]^ and room-temperature single-photon emission^[@ref16]^ at telecom wavelengths^[@ref20]^ as a new paradigm system for solid-state quantum photonics.^[@ref23],[@ref24]^

These outstanding aspects of functionalized CNTs with room-temperature, telecom band, high-purity single-photon emission,^[@ref20]^ however, are occasionally compromised by the multiplicity of spectrally distinct photoactive states,^[@ref15],[@ref18]−[@ref21]^ presumably stemming from different charge or bonding configurations of exciton-localizing covalent defects. Improved understanding and control of defect conformations at the atomistic level indicates that the photoluminescence (PL) dispersity can be reduced to favor one emissive defect state,^[@ref25]^ but even optimized structures are not completely void of PL line multiplicity. In CNTs decorated with sp^3^-defects that promote localization of both neutral excitons and trions, two respective PL bands with emission energies well below the one-dimensional energy continuum of diffusive E~11~ excitons have been observed at the ensemble level.^[@ref22],[@ref26]^ At the level of individual nanotubes, a detailed understanding of the exciton population distribution among these distinct PL states would provide guidelines for further developments of chemically functionalized CNTs for applications in optical sensing and quantum photonics.

In the present work, we employed photon correlation spectroscopy to study correlations in the PL of two spectrally distinct states of luminescent quantum defects in (6,5)-chiral CNTs modified by covalent attachment of hexyl groups.^[@ref17],[@ref22]^ The chemical side-wall treatment gives rise to one or more defects per tube with deep trap potentials characterized by PL bands of neutral excitons (X) and trions (T).^[@ref22],[@ref26]^ As covalent CNT chemistry is known to favor proximal defects^[@ref27]^ via defect-assisted local destabilization of the carbon lattice with subsequent formation of a second defect in immediate proximity, the enhanced probability of divalent defect formation^[@ref28]^ is common in functionalized nanotubes. The related PL spectra of defect-decorated CNTs are thus rich in diversity, with frequent peak multiplicity in cryogenic single-tube PL.^[@ref17],[@ref25],[@ref28],[@ref29]^

In the photoluminescence excitation (PLE) maps of defect-functionalized ensembles at room temperature (RT), the diversity simplifies to inhomogeneously broadened defect-specific emission bands. This is also the case for the hexyl-functionalized (6,5)-nanotubes of our study, as shown in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}a, with E~11~, X, and T bands centered around 1.26, 1.13, and 1.01 eV. For cryogenic experiments at the single tube level, the CNTs were dispersed out of an aqueous suspension onto the flat side of a hemispherical solid immersion lens (SIL) with an average spatial density of less than one tube per focal spot area of ∼1 μm diameter.^[@ref8]^ The sample was cooled to the temperature of liquid helium (4.2 K) and displaced laterally with respect to confocal excitation and detection focal points to identify PL hot-spots with spectra as in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}b. The spectra reflect evident variations in PL peak energy, intensity, and line shape across the sample. In some instances, the cryogenic PL was dominated by a single peak (topmost spectrum in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}b), and other spots featured emission of two peaks with comparable intensities (second spectrum from top in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}b) or multipeak spectra (third spectrum from top in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}b, see also [Figure S1](http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.9b02553/suppl_file/nl9b02553_si_001.pdf) in Section I of the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.9b02553/suppl_file/nl9b02553_si_001.pdf)). In most cases, the E~11~ emission was weak and occasionally effected by exciton localization as signified by PL red-shifts up to a few tens of meV^[@ref30]^ or antibunching in the emission statistics^[@ref8]^ ([Figure S3](http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.9b02553/suppl_file/nl9b02553_si_001.pdf) in Section II of the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.9b02553/suppl_file/nl9b02553_si_001.pdf)).

![(a) RT PLE map of functionalized CNTs with three characteristic states E~11~, X, and T with peak emission energies at 1.26, 1.13, and 1.01 eV, respectively. (b) PL spectra of individual functionalized CNTs at 4.2 K (the spectra were offset for clarity; the spectral bands of E~11~, X, and T emission are shaded in blue, green, and red, respectively). (c) Histogram of emission peak energies of all cryogenic CNTs (gray) compared with the RT ensemble spectrum (wine) obtained from the line-cut indicated by the dashed line in (a).](nl9b02553_0001){#fig1}

At the statistical level, and in accord with the RT ensemble characteristics (solid line in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}c), all spectral differences of cryogenic single-tube PL merged into inhomogeneous distributions of E~11~, X, and T emission bands with a full-width at half-maximum (fwhm) broadening of about 50 meV for all three peaks of the histogram in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}c. The following set of experiments were performed on hot-spots with emission in both X and T spectral bands (shaded in green and red in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}b), occasionally accompanied by E~11~ emission (within the spectral band shaded in blue in [Figure [1](#fig1){ref-type="fig"}](#fig1){ref-type="fig"}b), yet without bias to additional peak multiplicity. Taking into account the statistical spatial distribution of CNTs on the sample, our PL experiments thus may probe multiple tubes, multiple defects of an individual tube, or fluctuating configurations of a single defect within the diffraction-limited spot of our cryogenic microscope.

The results of time-resolved PL measurements performed on such local hot-spots with predominant X and T and occasional E~11~ emission are summarized in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}. Biexponential PL dynamics within the E~11~, X, and T spectral bands are exemplified in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a for a specific spot. In contrast to this example, the majority of other PL hot-spots were characterized by strictly monoexponential decays. To access the distribution of decay time scales on the statistical level of different measurement hot-spots, we used biexponential fits to the data (solid lines in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}a--c) to extract the characteristic time components τ~1~ and τ~2~ and their respective fractional contributions to the total PL decay (closed and open circles in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}d--f, respectively). In all cases of monoexponential decay, the weight of one decay channel was determined as zero within the best-fit error bars, which explains different numbers of closed and open circles in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}d--f for PL decay via E~11~, X, and T emission, respectively.

![(a--c) Time-resolved PL decay at 4.2 K for the E~11~ (blue), X (green), and T (red) emission from a single CNT with biexponential decay characteristics. The excitation was carried out via photon sidebands of E~11~ in the range 833--920 nm with 1--20 μW laser power; the instrument response function is shown in gray. Two characteristic lifetimes, τ~1~ and τ~2~, were determined from biexponential fits (solid lines) to the data. (d--f) Fraction of the total PL decay associated with the decay channel characterized by τ~1~ (closed circles) and τ~2~ (open circles). Note that the majority of the CNTs of our cryogenic study exhibited monoexponential decays, which explains the difference in the number of closed and open symbols.](nl9b02553_0002){#fig2}

Short decay times of E~11~ on time scales below 200 ps are consistent with previous reports for nominally pristine cryogenic nanotubes in linear response,^[@ref31]^ and the two data points in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}d with an additional prolonged decay component with ∼200 and 400 ps time constants and weak fractional weights probably reflect some degree of exciton localization in shallow traps of environmental disorder.^[@ref8]^ In contrast, the decay of X and T emission is observed on much longer time scales, with five cases of biexponential decays with comparable fractional weights of the two decay channels (open circles in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}e,f). The prolonged decay times of up to 800 ps are a hallmark of exciton localization in covalently functionalized nanotubes.^[@ref32]^ As the majority of X and T states exhibit simple monoexponential decays of deep exciton-localizing defect potentials, the few contrasting cases of biexponential decays with comparable weights and time scales in [Figure [2](#fig2){ref-type="fig"}](#fig2){ref-type="fig"}e,f can be ascribed to two defects, two different CNTs with single-defect sites, or two distinct conformations of a single-defect nanotube. As will become obvious in the following, the signatures of all investigated PL hot-spots were consistent with individual CNTs.

To identify PL hot-spots as stemming from single-tube defects, we performed photon correlation spectroscopy of both X and T luminescent states and studied their mutual correlations. To this end, we used a Hanbury Brown--Twiss (HBT) setup based on two superconducting single-photon detectors in combination with spectral filtering of E~11~, X, and T emission bands. For autocorrelation measurements, both single-photon detectors were set to detect the PL in the spectral bands of either E~11~, X or T. In contrast, cross-correlation measurements were performed by selecting different spectral bands in each of the two single-photon counting channels. [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}a--d shows normalized coincidence counts *g*^(2)^(τ) recorded in autocorrelation for X (upper panels) and T (lower panels) spectral bands. The autocorrelations of both peaks exhibited antibunching (*g*^(2)^(τ) \< 1) and bunching (*g*^(2)^(τ) \> 1) on short and long time scales of 100--700 ps and 10--900 ns, respectively, as characteristic features of intermittent single-photon emission.^[@ref9],[@ref10],[@ref33],[@ref34]^ For sufficiently large delay times, photon emission from both states was uncorrelated, as shown in the insets of [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}a--d with *g*^(2)^(τ) approaching unity on long time scales. These signatures establish the sources of PL as single-photon emitters, which we denote as CNTs A and B (with data in the left and right columns of [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}a--d, respectively).

![(a--d) Normalized photon coincidence counts *g*^(2)^(τ) in autocorrelation of X (green) and T (red) for two different CNTs A and B, excited resonantly via their respective E~11~ states at 975 and 960 nm with 1 and 3 μW laser power. The insets show *g*^(2)^(τ) on long time scales. The degrees of correlation, η = 1 -- *g*^(2)^(0)/*g*~max~^(2)^(0), given in each graph were obtained from model fits (solid lines) discussed in the main text. (e, f) Degrees of correlation η in autocorrelations of X and T, respectively.](nl9b02553_0003){#fig3}

To examine the different degrees of antibunching and bunching in autocorrelation measurements of CNT A and B in more detail, we first consider a model of a bright exciton state that exchanges population with a reservoir of dark excitons.^[@ref9],[@ref33]^ Within this framework, bunching arises from random transitions to a non-emitting (dark) shelving state and back, and the normalized coincidence function is given by (see Section III of the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.9b02553/suppl_file/nl9b02553_si_001.pdf)):where the degree of correlation η = 1 -- *g*^(2)^(0)/*g*~max~^(2)^(0) is defined by the ratio of antibunching to bunching at zero time delay, *g*^(2)^(0) and *g*~max~^(2)^(0) = 1 + τ~d~/τ~s~, respectively, τ~rad~ = 1/γ~rad~ is the lifetime of the bright exciton with radiative decay rate γ~rad~, and τ~s~ = 1/κ~s~ and τ~d~ = 1/κ~d~ are the inverse of shelving and deshelving rates κ~s~ and κ~d~ associated with population transfer from the bright to the dark exciton reservoir and back (also indicated in the schematics of [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}).

![(a, c) Cross-correlations of X and T emission for type A and B nanotubes of [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"} excited resonantly via their respective E~11~ states at 975 and 960 nm with 1 and 3 μW laser power. Solid pink and violet lines show predictions according to the models of a single and a double trap state, and the solid gray line shows the prediction of the model of mutually exclusive X and T states without a dark state. (b) Histogram of the degree of correlation in the cross-correlation of X and T. The dashed line at η = 0.5 separates the CNTs with low (violet) and high degrees of correlation (pink). (d, e) Schematics of defect emission from a single and a double trap state, respectively, corresponding to type A and B nanotubes. The respective level diagrams involve the ground state (GS), exciton continuum (E~11~), defect-localized states (X, T), and a dark state (D) with model-relevant rates.](nl9b02553_0004){#fig4}

Fitting the autocorrelation data with [eq [1](#eq1){ref-type="disp-formula"}](#eq1){ref-type="disp-formula"}, we obtained shelving and deshelving time scales in the range of 10--900 ns (with medians of 37 and 53 ns for τ~s~ and τ~d~) for the X peak and 10--100 ns (with similar medians of 37 and 47 ns for τ~s~ and τ~d~) for the T state emission. The respective histograms of η are shown in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}e,f, where values of η above 0.5 imply strong correlations in the PL emission events of each of the two emissive states X and T as hallmarks of their sub-Poissonian photon emission statistics. In most concise terms, the autocorrelation results of [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}e,f identify all X (with one exception with η = 0.25 in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}e) and T states as blinking single-photon sources.

To relate the PL intermittence of X and T states to their respective exciton population distributions, we first consider the scenario where the two states are their mutual dark reservoirs. Trapping and release of an additional charge at the defect site would switch the nanotube PL between the charged and neutral exciton emission and render X and T the respective dark states of each other, conceptually similar to earlier correlation studies on spectral wandering^[@ref9],[@ref34]^ and charge hopping in semiconductor quantum dots.^[@ref35]−[@ref37]^ In this case, each of the two states would be subjected to blinking and thus exhibit bunching in autocorrelation measurements as in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}. The blinking time scale would then reflect the defect charging dynamics, with the photoexcited population providing snap-shots of a given charge configuration on subnanosecond time scale of radiative decay. This scenario of mutual exclusiveness in X and T emission would imply the absence of a dark reservoir in covalently functionalized CNTs.

The analysis of autocorrelation data of [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"} according to this scenario yields a poor quantitative agreement between experiment and model (see also Section III of the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.9b02553/suppl_file/nl9b02553_si_001.pdf)). Moreover, it fails to withstand a simple consistency check in cross-correlation measurements of X and T, shown in the upper panel of [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}. For the cross-correlation function *g*^(2)^(τ) of [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}a, the model of mutually exclusive photon emission events by X and T yields an antibunching dip on the time scale of blinking and no bunching at all (solid gray line in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}a) in agreement with earlier studies of charge-fluctuating quantum emitters.^[@ref33]−[@ref37]^ The pronounced bunching in the data of [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}a, in contrast, signifies that both X and T states blink independently of the defect charge configuration, which is not accounted for by mutually exclusive emission. Moreover, the model requires high degrees of cross-correlation at zero time delay, yet CNTs with η \> 0.5 (pink bars in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}b) were a minority. Instead, most of the CNTs of our study were characterized by weak correlations with η \< 0.5 (violet bars in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}b) in conditioned photon detection events from X and T states. In the following, we assign CNTs with similar signatures in autocorrelation as in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}a--d, yet contrasting degrees of weak and strong cross-correlations in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}b to two disparate classes A and B, respectively.

For both CNT types, the disagreement between the simple model of two mutually exclusive states X and T and the actual observations in cross-correlations can be resolved by introducing an additional dark state. For a single defect site representing type A nanotubes in neutral or charged configuration, the corresponding level diagram of bright E~11~, X, and T states in the presence of a dark reservoir D is shown in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}d. Although the exciton population in our PL experiments was excited nonresonantly, the excited state can be eliminated by introducing an effective absorption rate γ~abs~ for the generation of E~11~ excitons with radiative decay rate γ~11~. This photoexcited bright exciton population can either interconvert with the dark reservoir at shelving and deshelving rates κ~s~ and κ~d~ or give rise to PL from X and T states at radiative decay rates γ~X~ and γ~T~ upon capture at rates κ~X~ and κ~T~ by a neutral or charged defect site, respectively. This model yields a set of coupled master equations, which we solve for the temporal evolution of population in the states X and T to obtain the functional dependence for *g*^(2)^(τ) (see Section IV of the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.9b02553/suppl_file/nl9b02553_si_001.pdf) for details). Best fits obtained with this model for CNT A are shown as solid green and red lines for the autocorrelation data of X and T in [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}a,c and as solid pink line for the X-T cross-correlation data in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}a. We emphasize that all parameters in the fit of cross-correlation results are fixed by the fits to autocorrelation data. The overall good agreement between data and model provides confidence in the scenario for type A tubes shown in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}d.

Despite similarities in autocorrelation, cross-correlations of type B CNTs are not captured by this model (pink line in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}c). It clearly fails to reproduce the data by overestimating both the degree of bunching and antibunching. This observation actually holds for all CNTs with η \< 0.5 in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}b. To interpret the correlation results on this class of CNTs, we assume the presence of two interacting defects within the micron-sized focal spot in our experiment. Each defect would act as a single-photon source within its own spectral band, whereas finite cross-correlations would be ensured by interactions between the proximal defects. This scenario is shown schematically in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}e, where the charge state of the neighboring defects is anticorrelated due to repulsive Coulomb interaction among the excess electrons residing on covalent hexyl chains.^[@ref22]^ In the level diagram of [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}e, this is represented by electron hopping between the two defect states.

With this modification, we extended the rate model for type A nanotubes by introducing a second defect site that is favored to be in the opposite charge configuration as its neighbor and again derived *g*^(2)^(τ) by solving the corresponding set of master equations (see Section V of the [Supporting Information](http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.9b02553/suppl_file/nl9b02553_si_001.pdf)). While preserving the fit quality for the autocorrelation data of [Figure [3](#fig3){ref-type="fig"}](#fig3){ref-type="fig"}b,d, we obtain the violet line in [Figure [4](#fig4){ref-type="fig"}](#fig4){ref-type="fig"}c in good agreement with the data. Intuitively, strong autocorrelations paired with weak cross-correlations can be interpreted as follows. By suppressing equal charge configurations of the neighboring defects, antibunching is preserved in autocorrelations of both X and T states since the PL is predominantly emitted in different spectral bands. In cross-correlation measurements, on the other hand, strong correlations are missing due to temporally independent emission from the two defect sites. Interestingly, our analysis of the fit quality also showed that the pronounced bunching in autocorrelations of X and T is reduced in cross-correlation only if the two emissive sites differ in their respective charging and discharging rates.

In summary, we identified both neutral and charged exciton-localizing defect states of hexyl-functionalized (6,5)-CNTs as single-photon sources with strong antibunching in autocorrelations. Complementary cross-correlation measurements provided further insight into the multiplicity of exciton reservoirs that compete for the photoexcited population. In particular, the PL intermittency, manifested by bunching signatures in autocorrelation, can be interpreted quantitatively only on the basis of combined auto- and cross-correlation analysis. As the investigative power of photon cross-correlation spectroscopy is not specific to luminescent quantum defects in CNTs but can be generalized to all quantum emitters with spectral multiplicity, it will prove useful in the search for efficient nonclassical sources based on CNTs^[@ref20],[@ref38]−[@ref40]^ and other materials^[@ref3]−[@ref7],[@ref41]−[@ref44]^ for future quantum photonic applications.

Methods {#sec2}
=======

Single-chirality (6,5)-CNTs were isolated from CoMoCAT SG65i SWCNTs (lot no. SG65i-L39) using polymer aqueous two-phase extraction.^[@ref45]^ The purified CNTs were stabilized in 1% wt/v sodium dodecyl sulfate (Sigma-Aldrich, \>98.5%)-D~2~O (Cambridge Isotope Laboratories, Inc., 99.8%), and the CNT solution was diluted to an optical density of 0.1 at E~11~ (988 nm) for subsequent functionalization. The hexyl defects were incorporated into the CNTs by reacting with 1-iodohexane (Sigma-Aldrich, 98%) at a CNT carbon to 1-iodohexane molar ratio of 1:27 in the presence of 7.6 mM of NaHCO~3~ (EMD chemicals, HPLC grade), 0.16% v/v CH~3~CN (Acros organics, HPLC grade, 99.9%), and 3.6 mM of sodium hydrosulfite (Sigma-Aldrich, 85%).^[@ref17]^ The CNT solution was protected from ambient light and stirred with a magnetic stir bar at room temperature for 2 h. The CNT solution was then filtrated through a centrifugal filter (Amicon Ultra-15, MWCO 100 kDa, Sigma-Aldrich) to remove unreacted chemicals and reaction byproduct. The final solution contained individual CNTs that were tailored with hexyl defects and stabilized by 1% wt/v sodium dodecyl sulfate. The solution of functionalized CNTs was characterized by excitation--emission PL spectroscopy (Nanolog spectrometer, Horiba Jobin Yvon).

Samples with dispersed CNTs were prepared by drop-casting out of an aqueous suspension onto the flat side of a hemispherical solid immersion lens (SIL) for PL measurements or onto SiO~2~ substrates for inspection with a scanning electron microscope (SEM). The average CNT length of ∼2 μm was determined from SEM measurements. The SIL was placed into the focus of a home-built confocal microscope with slip-stick positioners (attocube systems, ANPxy101 and ANPz102), immersed in a liquid-helium bath cryostat with a base temperature of 4.2 K and excited with a wavelength-tunable Ti:sapphire laser (Coherent, Mira) in continuous wave or pulsed mode. The PL was collected with a low-temperature apochromatic objective (attocube systems, LT-APO/IR/0.81), dispersed by a monochromator (Roper Scientific, Acton SP2500), and recorded with a liquid-nitrogen cooled CCD (Roper Scientific, Spec-10:100BR/LN) or InGaAs array (Roper Scientific, OMA V:1024--1.7 LN). For time-resolved measurements, the PL was excited with the Ti:sapphire laser in pulsed mode and recorded with a superconducting single photon detector (Scontel, TCOPRS-CCR-SW-85). The instrument response function (IRF) was recorded by using an attenuated laser pulse instead of the PL signal. The response of the superconducting single photon detector was time-correlated with the trigger signal from the Ti:sapphire laser by an electronic correlator (PicoQuant, PicoHarp 300). For both auto- and cross-correlation measurements, a second superconducting single photon detector of the same type was used in the HBT setup configuration.

The Supporting Information is available free of charge on the [ACS Publications website](http://pubs.acs.org) at DOI: [10.1021/acs.nanolett.9b02553](http://pubs.acs.org/doi/abs/10.1021/acs.nanolett.9b02553).Additional data as well as details on experimental methods and theoretical modeling ([PDF](http://pubs.acs.org/doi/suppl/10.1021/acs.nanolett.9b02553/suppl_file/nl9b02553_si_001.pdf))
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